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Abstract HAP, a novel human apoptosis-inducing protein, was
identi¢ed to localize exclusively to the endoplasmic reticulum
(ER) in our previous work. In the present work, we reported
that ectopic overexpression of HAP proteins caused the rapid
and sustained elevation of the intracellular cytosolic Ca2+,
which originated from the reversible ER Ca2+ stores release
and the extracellular Ca2+ in£ux. The HeLa cells apoptosis
induced by HAP proteins was not prevented by establishing
the clamped cytosolic Ca2+ condition, or by bu¡ering of the
extracellular Ca2+ with EGTA, suggesting that the depletion
of ER Ca2+ stores rather than the elevation of cytosolic Ca2+
or the extracellular Ca2+ entry contributed to HAP-induced
HeLa cells apoptosis. Caspase-3 was also activated in the pro-
cess of HAP-triggered apoptotic cell death.
. 2002 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction
Apoptosis, an evolutionarily conserved programmed cell
death process, is essential for the development, the mainte-
nance of tissue homeostasis, and the elimination of excess or
harmful cells in metazoan organisms [1]. A variety of stimuli,
including cytokines, anti-cancer drugs, growth factor depriva-
tion and so on, can cause a cell to undergo apoptosis charac-
terized by a series of stereotypic morphological and biochem-
ical features [2]. Up to now, many apoptosis-related genes
have been identi¢ed and characterized. Li et al. [3] cloned a
novel human apoptosis-inducing gene ASY which encodes an
endoplasmic reticulum (ER)-targeting protein. In the previous
work, we isolated another novel human apoptosis-inducing
gene encoding the ASY interaction protein, designated as
hap (homologue of ASY protein) [4,5]. As ASY, HAP protein
also exclusively localizes to the ER, and has no homology to
other known apoptosis-related domains [6].
ER is well characterized as a mobilizable calcium store that
sequesters excess cytosolic calcium and a reservoir for calcium
signaling to maintain intracellular Ca2þ homeostasis [7]. A
growing body of evidence suggested that changes in intracel-
lular Ca2þ homeostasis play an important role in the modu-
lation of apoptosis [8,9]. Various cell death stimuli including
growth factor withdrawal [10], hormonal stimulation [11], and
drug treatment [9] are known to alter the concentration of
Ca2þ in the cytosol and the storage of Ca2þ in the intracel-
lular organelles, which plays some roles in the cell death path-
way. Agents that directly mobilize Ca2þ, e.g. Ca2þ ionophores
or the sarcoplasmic/endoplasmic reticulum Ca2þ-ATPase in-
hibitor thapsigargin (TG), have been shown to trigger apopto-
sis in diverse cell types [12]. Furthermore, recent evidence
showed that BCL-2 protein might suppress apoptosis via a
mechanism that decreases the Ca2þ stores within the ER
[13], or the mechanism that controls the apoptotic cross-talk
between the ER and the mitochondria [14]. Based on such
background information, we therefore speculate that the spe-
ci¢c ER-targeted apoptosis-inducing protein HAP might trig-
ger apoptosis by interfering with certain ER functions and the
intracellular Ca2þ homeostasis, which prompted us to inves-
tigate the signi¢cance of Ca2þ in the signal transduction path-
way of HAP-induced apoptosis process.
In the present study, we demonstrated that HAP overex-
pression induced the changes in cytosolic Ca2þ as well as ER
Ca2þ content. The data further revealed that the depletion of
ER Ca2þ stores rather than the elevation of intracellular Ca2þ
or the extracellular Ca2þ in£ux played the pivotal role in
HAP-induced HeLa cells apoptosis.
2. Materials and methods
2.1. Materials
TG, BAPTA/AM (1,2-bis(2-aminophenoxy)ethane-N,N,NP,NP-tetra-
acetic acid tetrakis(acetoxymethyl)ester), EGTA (ethylene glycol-
bis(2-aminoethyl)-N,N,NP,NP-tetraacetic acid), Hoechst 33342, propi-
dium iodide (PI), and Triton X-100 were purchased from Sigma. The
£uorescent Ca2þ indicator Fura-2 acetoxymethyl ester (Fura-2/AM)
was purchased from Molecular Probes, Eugene, OR, USA. The Ca-
spACE1 Assay System and the Lipofectamine1 2000 Reagent were
obtained from Gibco/BRL. The mouse anti-poly(ADP-ribose) poly-
merase (PARP) monoclonal antibody (clone CII-10) was purchased
from Roche. RNase A and proteinase K were the products of Prom-
ega. Other chemicals were analytic grade.
2.2. Construction of plasmids
The coding region sequence (EcoRVVNotI restriction fragment) of
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hap gene cleaved out from the pSKhap plasmid (stored by this labo-
ratory) was ligated into the compatible restriction sites in the multiple
cloning site of pIRES-EGFP plasmid to get the recombinant plasmid
pIRES-HAP-EGFP. This vector permits both the hap gene with tran-
scription driven by the cephalomyocarditis virus promoter and the
SV40 promoter-driven enhanced green £uorescence protein (EGFP)
gene to be translated from a single bicistronic mRNA, providing a
convenient way for e⁄ciently sorting HAP-overexpressing cells on the
basis of their EGFP £uorescence. The empty vector expressing EGFP
alone was used for control purpose. The correct cloning was con-
¢rmed by corresponding restriction cleavage and sequencing.
2.3. Cell culture and transfections
The HeLa cells were maintained in RPMI 1640 medium (Gibco/
BRL) supplemented with 10% heat-inactivated fetal calf serum, 4 mM
L-glutamine, 100 U/ml penicillin, and 100 Wg/ml streptomycin in a
humidi¢ed atmosphere of 5% CO2 and 95% air at 37‡C. Plasmids
were introduced into cells by using the Lipofectamine1 2000 Reagent
(Gibco/BRL) following manufacturer’s instructions. Transient expres-
sion of HAP-EGFP or EGFP proteins was assayed 10V72 h post-
transfection by confocal £uorescence microscopy analysis or by £ow
cytometric analysis.
2.4. Transmission electron microscopic analysis
At 24 h after transfection, the HAP-overexpressing (indicated as
EGFP-positive) and untransfected (indicated as EGFP-negative) cells
which were identi¢ed by £ow sorting were harvested, washed with
cacodylate bu¡er (pH 7.4), and ¢xed for 2 h in 2.5% glutaraldehyde
in 0.1 M cacodylate bu¡er (pH 7.4), respectively. After washing in
bu¡er, the cells were post-¢xed in 2% osmium tetroxide plus 1%
potassium ferricyanide in cacodylate bu¡er, dehydrated through a
graded alcohol series, embedded in Epon, thin-sectioned, stained
with uranyl acetate and lead citrate, and observed by a Hitachi
H-800 transmission electron microscope.
2.5. Flow cytometric analysis
Twenty-four hours after transfection, cells (including those that had
detached and those remaining adherent) were collectively harvested in
phosphate-bu¡ered saline (PBS) containing 0.1% EDTA, washed
twice with PBS, resuspended in PBS containing 3 mM sodium citrate,
0.1% Triton X-100, 20 Wg/ml RNase A, and 50 Wg/ml PI, and incu-
bated for 30 min at 37‡C in the dark. The cells transfected with
pIRES-HAP-EGFP or pIRES-EGFP expression vectors were ana-
lyzed for EGFP and PI £uorescence on a FACScan £ow cytometer
(Becton Dickinson). The EGFP and PI £uorescence were measured
using a 509 nm and a 620 nm band pass ¢lter, respectively. Data
analysis was performed using the CellQuest software program.
2.6. DNA fragmentation analysis
Cells (2U105 per sample) were harvested and washed with PBS,
incubated for 1 h at 50‡C in 0.5 ml of lysis bu¡er (0.1% Triton
X-100, 50 mM Tris^HCl, pH 8.0, 10 mM EDTA-Na2, and 200 mM
NaCl) supplemented with proteinase K (5 mg/ml). DNase-free RNase
A was added (20 Wg/ml of lysate) and incubated at 56‡C for 2 h with
gentle shaking. After extractions with phenol twice and once with
phenol/chloroform/isoamylalcohol (25:24:1), the DNA was precipi-
tated with one-tenth volume of 5 M ammonium acetate (pH 5.2)
and two volumes of absolute ethanol at 320‡C for overnight, washed
with ice-cold 70% ethanol, air-dried, resolved in 50 Wl TE bu¡er (10
mM Tris, 1 mM EDTA-Na2, pH 8.0). DNA was separated by elec-
trophoresis on a 1.5% agarose gel and visualized by ethidium bromide
staining (0.5 Wg/ml) under ultra-violet light.
2.7. Hoechst 33342 staining
Cells seeded in chamber slides were washed twice with PBS, ¢xed in
4% paraformaldehyde for 20 min, washed again and stained with
Hoechst 33342 (10 Wg/ml) at 37‡C for 20 min in the dark. After
another wash with PBS, cells were viewed for the EGFP or Hoechst
33342 £uorescence under a £uorescence microscope (Olympus).
Hoechst 33342 £uorescence was detected with the XF 67 ¢lter (exci-
tation= 340 nm, emission= 470 nm).
2.8. Measurement of [Ca2+]i
Cells (2U104/dish) plated on coverslips coated with poly-L-lysine
were transfected with pIRES-EGFP or pIRES-HAP-EGFP plasmids
or left untransfected. According to the preliminary study which dem-
onstrated that the earliest time for green cells appearance was at 12 h
post-transfection, the cells were incubated at 37‡C for 45 min with
Fura-2/AM (5 WM) in Krebs^Ringer bu¡er (140 mM NaCl, 2.8 mM
KCl, 2 mM MgCl2, 2 mM CaCl2, 20 mM HEPES, 1 mg/ml glucose,
1 mg/ml, pH 7.4) at 10 h after transfection. Coverslips with cells were
washed with this bu¡er and mounted in a 35 mm holder maintained
at 30‡C. Based on the time-lapse observation, as soon as the cells
displayed green £uorescence, the changes of Fura-2 £uorescence
were monitored in certain single cells by dual excitation imaging using
an Atto£uor Digital Fluorescence Microscopy System (Atto Instru-
ments Inc.). [Ca2þ]i was calculated from the ratio of the £uorescence
intensity (R=F340/F380) by using the formula described by Grynkie-
wicz et al. [15] : [Ca2þ]i =Kd[(R3Rmin)/(Rmax3R)](Fmin/Fmax), where
Rmax and Rmin are the £uorescence ratios after treatment of cells
with 0.1% (V/V) aqueous Triton X-100 and 3 mM EGTA, respec-
tively, Fmax and Fmin are values of F380 after treatment with Triton
X-100 and EGTA, respectively, and Kd = 244 nM.
2.9. Caspase-3 activity assay
Caspase-3 enzymatic activity was determined by monitoring the
cleavage of the speci¢c synthetic £uorogenic substrate Ac-DEVD-
AMC by using the CaspACE1 Assay System. For pIRES-HAP-
EGFP- or pIRES-EGFP-transfected cells, at various time points
(24, 48, and 60 h) post-transfection, cells were respectively harvested
and washed brie£y with cold PBS, lysed for 10 min at 4‡C in lysis
bu¡er (50 mM HEPES-KOH, pH 7.4, 1 mM EDTA bu¡er containing
75 mM NaCl, 0.1% Triton X-100, 1 mM dithiothreitol, 1 mM phe-
nylmethylsulfonyl £uoride, 10 Wg/ml pepstatin A, and 100 KIU/ml
aprotinin), and spun at 10 000Ug for 20 min at 4‡C, then the super-
natants (cell lysates) were recovered separately. The protein content of
each sample was determined by the Bio-Rad protein assay using bo-
vine serum albumin as a standard. Enzymatic reactions (¢nal volume,
250 Wl) containing 50 Wg of cell lysates and 200 WM of Ac-DEVD-
AMC were performed in the reaction bu¡er (50 mM HEPES-KOH,
pH 7.4, 75 mM NaCl, 1 mM EDTA, 1% CHAPS, 10% sucrose, and
2 mM dithiothreitol) for 1 h at 37‡C. The caspase-3 activity was
measured by using a £ow cytometer at an excitation wavelength of
380 nm and an emission value of 440 nm.
2.10. PARP immunoblotting analysis
Cells were harvested at several time points post-transfection,
washed twice with ice-cold PBS, and lysed with modi¢ed RIPA bu¡er
(150 mM NaCl, 50 mM Tris^HCl, pH 8.0, 1 mM EGTA, 1% Triton
X-100, 0.1% SDS, 1% sodium deoxycholate) in the presence of pro-
tease inhibitors (0.1 mM phenylmethylsulfonyl £uoride, 1.0 WM pep-
statin, 1 mM benzamidine, 10 WM leupeptin, 1 Wg/ml aprotinin).
100 Wg of the whole cell lysate was subjected to SDS^polyacrylamide
gel electrophoresis and subsequently transferred to polyvinylidene di-
£uoride membranes. The membranes were blocked with Tris-bu¡ered
saline (TBS, 10 mM Tris^HCl, pH 8.0, 150 mM NaCl) containing
0.05% Tween 20 and 10% non-fat milk, and then probed with an anti-
PARP monoclonal antibody (clone CII-10) diluted 1:5000 in 3% non-
fat milk. The membranes were washed with TBS and then blotted
with an anti-mouse secondary antibody conjugated to horseradish
peroxidase (1:1000 dilution). The membranes were exposed using
the enhanced chemiluminescence Western blotting analysis system
(Amersham Pharmacia Biotech).
2.11. Statistical analysis
All values are expressed as the meanUS.E.M. of n observation
(ns 4). In comparing two groups, statistical signi¢cance was deter-
mined by Student’s t-test. A value of P6 0.05 was considered statis-
tically signi¢cant.
3. Results
3.1. Ectopic expression of HAP proteins induced HeLa cells
apoptosis
HAP overexpression-induced HeLa cells apoptosis was
demonstrated based on the following features: ultrastructural
morphological changes, hypodiploid DNA appearance, DNA
fragmentation, chromatin condensation and nuclei break-
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down. The HAP-overexpressing HeLa cells revealed many
ultrastructural features consistent with apoptosis: cytosolic
density alteration, chromatin condensation and nuclear frag-
mentation, and the dilation of some organelles such as mito-
chondria and rough ER. Typically, the apoptotic body for-
mation was also observed. The DNA content of HAP-
overexpressing HeLa cells was analyzed by £ow cytometry
(FCM). At 24 h after transfection, by gating EGFP-positive
and EGFP-negative cells, 39.5% of cells expressing HAP-
EGFP were determined to be apoptotic (Fig. 1A, d), com-
pared with 3.8% (Fig. 1A, b) and 2.6% (Fig. 1A, a) apoptotic
cells in the EGFP-overexpressing and untransfected cells pop-
Fig. 1. Evidence for HAP overexpression-induced HeLa cells apoptosis. A: Flow cytometric analysis of the DNA content. DNA contents of
the untransfected cells (a), the EGFP-expressing cells (b and c), and the HAP-expressing cells (d and e) were measured by FCM analysis, and
the apoptotic cells were determined to be those that contained DNA below that of cells in the G1 phase. Results shown represent the mean of
three independent experiments (meanUS.E.M.). B: DNA fragmentation analysis. Overexpression of HAP induced DNA fragmentation (lanes 3
and 4), but the characteristic DNA laddering pattern was absent in empty vector-transfected (lane 2) or untransfected (lane 1) HeLa cells.
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ulation, respectively. Furthermore, the result showed that the
apoptosis ratio in cells expressing HAP-EGFP increased to
64.7% at 48 h post-transfection (as shown in Fig. 1A, e),
whereas the apoptosis ratio in cells expressing EGFP alone
did not increase dramatically (8.5%) (Fig. 1A, c). Another
common feature of cells undergoing apoptosis is the fragmen-
tation of genomic DNA into laddering patterns of oligonu-
cleosome-sized fragments. Fig. 1B is a representative agarose
gel of extracted genomic DNA from HAP-transfected, EGFP-
transfected or untransfected HeLa cells. In HAP-overexpress-
ing cells, the DNA laddering pattern was clearly visible at 24 h
post-transfection (lane 3), which continued to be observed at
48 h after transfection (lane 4). However, the untransfected
cells (lane 1) and the EGFP-transfected cells (lane 2) showed
no detectable DNA fragmentation. The morphological
changes of the nuclei in individual transfected cells were
also observed by the Hoechst 33342 staining. The results re-
vealed that most cells overexpressing HAP proteins, which
were identi¢ed by green £uorescence, exhibited condensed
chromatin and fragmented nuclei, a characteristic feature of
cells undergoing apoptosis, whereas the nuclei of only EGFP-
overexpressing cells remained morphologically intact and with
normal nuclear structure.
3.2. Overexpression of HAP proteins resulted in the elevation
of cytosolic Ca2+
Apoptosis-inducing protein HAP exclusively localizes to
ER membrane, suggesting that it might exert some e¡ects
on the intracellular Ca2þ homeostasis to trigger the apoptosis.
The intracellular Ca2þ state in HAP-overexpressing HeLa
cells was therefore examined. As shown in Fig. 2A,B (trace
a), in HeLa cells incubated in the bathing solution containing
2 mM extracellular calcium, HAP overexpression evoked
Ca2þ signal with a characteristic biphase: a rapid large initial
rise in cytosolic Ca2þ as a result of the depletion of intra-
cellular Ca2þ stores, with levels reaching V280 nM, followed
by a sustained phase of elevated [Ca2þ]i, corresponding to the
extracellular Ca2þ in£ux. This Ca2þ pool depletion-activated
Ca2þ entry was con¢rmed by the fact that addition of EGTA
to chelate extracellular Ca2þ diminished somewhat the size of
Fig. 2. The elevation of cytosolic Ca2þ induced by HAP proteins
overexpression. A: HAP overexpression triggered the rapid and sus-
tained increase of [Ca2þ]i (trace a), whereas no apparent [Ca2þ]i
changes were measured in EGFP alone expressing (trace b) or un-
transfected (trace c) cells. B: The extracellular Ca2þ chelator EGTA
blocked HAP overexpression-induced sustained Ca2þ rise (trace b),
compared to no EGTA treatment (trace a). C: The dependence of
HAP overexpression-induced Ca2þ in£ux on extracellular Ca2þ. Re-
moving Ca2þ from the external medium blocked HAP-stimulated
Ca2þ entry, while reintroduced extracellular Ca2þ restored Ca2þ en-
try (trace a). No change of [Ca2þ]i was detected in only EGFP-ex-
pressing cells upon the same treatment (trace b).
Fig. 3. The depletion of ER Ca2þ stores triggered by overexpression
of HAP proteins. A: HeLa cells untransfected (trace b) or trans-
fected with empty vector (trace a) showed a rapid response to TG
stimulation, with a rise in cytosolic Ca2þ. B: HeLa cells with HAP
overexpression lost response to TG administration even after rein-
troducing extracellular Ca2þ (2 mM).
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the initial increase of [Ca2þ]i, and abolished the sequential
sustained elevation (Fig. 2B, trace b). Decreasing the extracel-
lular Ca2þ concentration to 1 WM also suppressed Ca2þ entry
while reintroducing extracellular Ca2þ (2 mM) restored cyto-
solic Ca2þ (as shown in Fig. 2C, trace a), whereas no [Ca2þ]i
changes were detected in only EGFP-expressing cells when
they underwent the same treatment (Fig. 2C, trace b). In
addition, in untransfected (Fig. 2A, trace b) or EGFP alone
expressing (Fig. 2A, trace c) HeLa cells, there were no changes
of [Ca2þ]i during the same time periods, with basal [Ca2þ]i of
V80^100 nM.
3.3. Overexpression of HAP proteins caused the depletion of
ER Ca2+ stores
In view of the evidence that HAP protein exclusively local-
izes to ER, the possibility that HAP induced apoptosis by
regulating Ca2þ £uxes through the ER membrane was inves-
tigated. Theoretically, if overexpressed HAP proteins led to
ER Ca2þ release, then TG (a speci¢c sarcoplasmic/endoplas-
mic reticulum Ca2þ-ATPase inhibitor which permits the direct
assessment of the ER Ca2þ pool) administration should not
cause additional Ca2þ release. In this study, HeLa cells left
untransfected (Fig. 3A, trace b) or expressing EGFP alone
(Fig. 3A, trace a) responded to the rapid release of Ca2þ
from ER upon application of TG, with a rise in cytosolic
Ca2þ. In contrast, a striking di¡erence was observed with
HAP-overexpressing HeLa cells, in which the cells lost re-
sponses to sequential TG stimulation even after prolonged
incubation with 2 mM Ca2þ in the bathing solution (as shown
in Fig. 3B), suggesting an empty ER Ca2þ pool as a result of
HAP overexpression, and also indicating that HAP protein
shared a common pool of releasable Ca2þ with TG, namely,
the ER Ca2þ pool.
Fig. 4. The clamped cytosolic Ca2þ condition and the extracellular
Ca2þ chelator EGTA failed to prevent HAP overexpression-induced
HeLa cells apoptosis. A: Representative traces of HAP-overexpress-
ing induced cytosolic Ca2þ increase in HeLa cells were plotted in
untreated control (trace a) or in clamped cytosolic Ca2þ conditions
(trace b). B: The clamped cytosolic Ca2þ condition did not a¡ect
HAP-induced apoptosis ratios at 24, 48, and 60 h after transfection.
C: Pretreatment with EGTA did not prevent the HAP-induced apo-
ptosis process at 24, 48, and 60 h post-transfection.
Fig. 5. Overexpression of HAP proteins induced the caspase-3 acti-
vation, as indicated by cleavage of the speci¢c substrates. A: The
cleavage of speci¢c synthetic £uorogenic substrate by caspase-3 in
HAP-overexpressing HeLa cells. The results are representative of
three separate experiments. The data are meanUS.E.M. of three
samples. B: The cell lysates were analyzed for the cleavage of the
speci¢c native substrate PARP by caspase-3. The intact PARP
(116 kDa) was cleaved to an 85 kDa signature fragment in HAP-
overexpressing HeLa cells.
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3.4. The depletion of ER Ca2+ stores contributed to
HAP-induced HeLa cells apoptosis
To determine which factor(s) might serve as the primary
mediator for HAP-induced HeLa cells apoptosis, the e¡ects
of EGTA and the clamped cytosolic Ca2þ condition on HAP-
induced apoptosis were studied. Having established certain
conditions by culturing HeLa cells in RPMI 1640 medium
with 110 WM extracellular Ca2þ and 7 WM BAPTA/AM,
which sustained a cytosolic Ca2þ clamp yet did not deplete
intracellular Ca2þ stores and induce apoptosis [16], the apo-
ptosis in HAP-overexpressing HeLa cells was detected. As
shown in Fig. 4A, in cells cultured in a certain clamped cyto-
solic Ca2þ condition, the HAP overexpression-induced rapid
elevation of cytosolic Ca2þ was reduced dramatically (trace b,
compared to trace a which served as the untreated control).
Surprisingly, Hoechst 33342 staining of cellular nuclei did not
reveal a visible di¡erence compared to those of untreated
cells. Furthermore, quantitative assays of apoptosis by using
FCM analysis for the hypodiploid DNA gave nearly similar
cell death indices irrespective of treatment with the clamped
condition, at multiple time points after transfection (see Fig.
4B). In summary, bu¡ering of cytosolic Ca2þ by establishing
the clamped cytosolic Ca2þ condition did not appear to inter-
fere with the HeLa cells apoptosis process induced by HAP
overexpression. Similarly, bu¡ering of the extracellular Ca2þ
with EGTA (1 mM) to prevent the extracellular Ca2þ in£ux
also failed to protect HeLa cells from HAP overexpression-
induced nuclear fragmentation and chromatin condensation
when compared with untreated control. In addition, the
FCM analysis showed that HeLa cells apoptosis triggered
by HAP overexpression proceeded along the time lapse even
with EGTA treatment (as shown in Fig. 4C).
Taken together, these data suggested that the depletion of
ER Ca2þ stores rather than the elevation of cytosolic Ca2þ or
the extracellular Ca2þ entry contributed to HAP overexpres-
sion-induced HeLa cells apoptosis.
3.5. Overexpression of HAP proteins activated the caspase-3
In the present study, the activation of caspase-3 in HAP-
overexpressing HeLa cells was evaluated by monitoring the
cleavage of caspase-3-speci¢c substrates. As shown in Fig.
5A, the resulting time-dependent apoptosis in HeLa cells trig-
gered by HAP overexpression was accompanied by a corre-
sponding time-dependent caspase-3 activation, as indicated by
the cleavage of the speci¢c synthetic £uorogenic substrate Ac-
DEVD-AMC. In the cellular extracts of only EGFP-express-
ing cells, no caspase-3 activation was detected, as indicated by
no cleavage of the speci¢c substrate. Additionally, the activa-
tion of caspase-3 was further identi¢ed by the cleavage of its
native substrate PARP, a commonly used measurement of
caspase-3-like enzymatic activity. As shown in Fig. 5B, the
intact PARP (116 kDa) was cleaved to an 85 kDa signature
fragment in HAP-overexpressing HeLa cells, whereas cleavage
of PARP was detected in EGFP-transfected or untransfected
HeLa cells.
4. Discussion
In the present work, we demonstrated that overexpression
of the novel ER-targeted protein HAP induced HeLa cells
apoptosis, which exhibited the characteristic morphological
and biochemical features of apoptosis, including ultrastructur-
al morphological changes, hypodiploid DNA occurrence, in-
ternucleosomal DNA fragmentation, chromatin condensation,
nuclear fragmentation, and caspase-3 activation.
Although a growing body of evidence is emerging from
di¡erent studies which suggest an active role for the ER in
regulating apoptosis [17,18], mechanisms used within it in me-
diating apoptotic signals are not well understood. As the ER
plays a central role in regulating intracellular Ca2þ signaling,
and the high Ca2þ content of the ER lumen appears necessary
for maintaining the structural and functional integrity of the
ER as well as for a variety of other cellular functions, includ-
ing cell division, cell cycle progression, and cell death [19], it is
possible that ER Ca2þ pool depletion may contribute to the
cellular and molecular mechanisms of ER stress-induced ap-
optosis. In this study, we revealed that overexpression of the
novel ER-resident apoptosis-inducing protein HAP indeed led
to the elevation of cytosolic Ca2þ, which might come from the
rapid depletion of ER Ca2þ stores and the sequential sus-
tained extracellular Ca2þ entry. The further data demon-
strated that HAP overexpression-triggered HeLa cells apopto-
sis was not prevented by establishing the clamped cytosolic
Ca2þ condition or chelating the extracellular Ca2þ with
EGTA, suggesting that the depletion of ER Ca2þ pool rather
than the elevation of cytosolic Ca2þ or the extracellular Ca2þ
entry served as the critical mediator in the apoptotic signal
transduction pathway of HAP protein. A certain concept that
ER Ca2þ pool depletion mediates apoptosis is consistent with
the ¢ndings of others. For example, Oyadomari et al. [20]
stated that nitric oxide (NO) depleted ER Ca2þ stores, caused
ER stress and led to apoptosis in pancreatic beta cells. Wertz
et al. [16] reported that release of intracellular ER Ca2þ stores
was su⁄cient to induce apoptosis of the LNCaP cell line.
Additionally, ER Ca2þ pool depletion was not observed in
cells transfected with BCL-2 [13,21], suggesting that part of
BCL-2’s anti-apoptotic mechanism involves the maintenance
of the ER Ca2þ stores.
Although several studies, including the ¢nding of our re-
search work, suggested that depletion of ER Ca2þ stores me-
diates cell apoptosis, the precise mechanism remains unclear.
Taken together all of the previous ¢ndings, two di¡erent ap-
optotic pathways have been suggested to mediate the signal
transduction upon ER Ca2þ pool depletion-induced apopto-
sis. One is characterized by the activation of the ER-resident
caspase-12, which is a mediator of ER-speci¢c apoptosis and
signals apoptotic pathway in a mitochondria-independent way
[22]. Alternatively, given the central role of mitochondria in
the commitment to apoptosis as well as the close physical
interaction between the mitochondrial and ER network [23],
it is possible that ER Ca2þ pool depletion triggers secondary
changes in mitochondrial Ca2þ levels which contribute to cy-
tochrome c release and cell death. In fact, a lot of recent
studies have shown certain cross-talk existing between the
ER and mitochondrial Ca2þ handling as well as the cell death
signals. For instance, Nutt and coworkers [24,25] recently
demonstrated that overexpression of BAX resulted in early
release of the ER Ca2þ pool and subsequent Ca2þ accumula-
tion in mitochondria. Inhibition of mitochondrial Ca2þ up-
take attenuated BAX-induced cytochrome c release and DNA
fragmentation, strongly suggesting that BAX-mediated alter-
ations in ER and mitochondrial Ca2þ levels serve as impor-
tant upstream signals for cytochrome c release and apoptosis.
Furthermore, Oyadomari et al. [20] proposed a mechanism
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whereby depletion of the ER Ca2þ pool induces apoptosis in
Jurkat T cells through a pathway involving an increase in
cytosolic Ca2þ levels, followed by mitochondrial Ca2þ over-
loading and the Ca2þ-dependent NO production, the reduc-
tion in mitochondrial membrane potential, the release of mi-
tochondrial cytochrome c, and the activation of caspase-3,
suggesting there are close contacts between the ER and mito-
chondrial apoptosis signaling pathway. Given that our study
provided some of the ¢rst evidence that HAP protein can
induce HeLa cells apoptosis mediated by intracellular ER
Ca2þ pool depletion, and also can lead to some responses in
mitochondria, e.g. mitochondrial transmembrane potential re-
duction and cytochrome c release from mitochondria (unpub-
lished personal data) etc., it is therefore possible that ER and
mitochondria act as the coordinated regulators in the HAP-
induced apoptotic signal transduction pathway. The exact cel-
lular and molecular mechanisms of the HAP-triggered apo-
ptotic pathway are under investigation.
It is noteworthy that the activation of caspase-3 was also
veri¢ed in our study by the speci¢c cleavage of the synthetic
substrate or the native substrate PARP in the HeLa cells with
HAP overexpression (as shown in Fig. 5). Then, how HAP
protein-induced ER stress transduces the apoptotic signals to
the downstream e¡ector caspase-3 activation? We speculate
that there are several probable pathways. One possible route
is through the well-described release of mitochondrial cyto-
chrome c, formation of the apoptosome, and activation of
caspase-9, which in turn processes and activates downstream
caspases such as caspase-3 and -6. An alternative possibility is
the direct activation of caspase-3 by the speci¢c ER-resident
caspase-12, which is activated during the ER stress-induced
apoptosis process [22,26].
Exactly how overexpressing HAP proteins a¡ect the intra-
cellular Ca2þ homeostasis is presently unknown, even though
several potential mechanisms can be proposed here. First, the
ER-targeted HAP protein may oligomerize and create a non-
selective or selective ion pore across the ER membrane and
may therefore cause leakage of Ca2þ from the ER stores,
which resembles as the ER-bound BAX protein [27]. Second,
HAP protein may interact directly or indirectly with the sar-
coplasmic/endoplasmic reticulum Ca2þ pump, or the Ca2þ
release channels (i.e. the inositol 1,4,5-trisphosphate receptor
or the ryanodine receptor), and thus may a¡ect the overall
Ca2þ transport across the ER membrane. Another intriguing
possibility could be that HAP protein might a¡ect the com-
munication between ER and mitochondria in the movement
of Ca2þ. Further studies to investigate the possible cross-talk
between ER Ca2þ release and mitochondrial Ca2þ uptake,
and to understand the e¡ect(s) of HAP protein on the con-
tacts between ER and mitochondria signals should provide
new insights into the cellular and molecular mechanisms of
Ca2þ signaling in the apoptosis process induced by the novel
apoptosis-inducing protein HAP.
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